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Abstract—A transition from state-of-the-art 400 V AC to
690 V AC or 800 V DC (±400 V DC) distribution improves the
overall power conversion efficiency of datacenter power supply
systems. The latter requires megawatt-level isolated medium-
voltage (MV) AC to low-voltage (LV) DC conversion stages that
operate with an efficiency of at least 98 %. Whereas today’s
most advanced industrial MVAC-LVDC solid-state transformer
(SST) prototypes do achieve this, they are highly complex and do
not show any clear advantages in terms of efficiency and power
density over alternative approaches that retain the low-frequency
transformer (LFT) to provide isolation and decoupling from harsh
MV grid realities. We thus comparatively evaluate MVAC-LVDC
SSTs against such alternative concepts, i.e., LFTs with LV-side SiC
PFC rectifiers, or 12-pulse rectifier systems hybridized with active
filters that just provide sufficient power processing capability to
achieve unity power factor operation.

I. Introduction

With more than 200 TWh/a, datacenters account for roughly
1 % of the world’s total electricity consumption [1], [2]. Some
forecasts [3] expect an increase beyond 2 % by 2030, driven,
e.g., by the growth of industrial IoT applications, which may
outpace efficiency improvements. Energy bills can dominate
the overall life-cycle costs of a datacenter [4]. Therefore,
society and operators have an interest in maximizing the overall
power usage efficiency (PUE, loosely defined as the ratio
between power entering the datacenter and power being actually
used by the IT equipment), which means optimizing various
aspects such as cooling/HVAC systems, the efficiency of the IT
equipment itself (e.g., computations per watt), and the power
supply system (see Fig. 1). Increasing the efficiency of the
rack-level power supply units (PSUs) is advantageous also
because of the power cascading effect (upstream conversion
stages must process also the losses of downstream stages).
However, since the PSU efficiencies are at highest levels today,
the overall power distribution system structure and especially
the medium-voltage (MV) to low-voltage (LV) conversion at
the grid interface must be carefully considered, too [4].

A. AC Distribution (400 V and 690 V)

As a baseline, Fig. 1a shows a state-of-the art 400 V AC
power distribution architecture, with a central low-frequency
transformer (LFT) and distributed PFC rectifiers in the racks.
Dry-type (i.e., oil-free) high-efficiency low-frequency transform-
ers (LFTs) with full-load efficiencies of [LFT ≈ 99.2 % exist
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Fig. 1. Datacenter power distribution system structures and typical efficiencies
[Σ from MVAC to the input of the rack-level 400 V/48 V DC-DC conversion.
The distribution efficiencies [d are for transferring 1 MW over a distance of
100 m using 2000 A Delta EcoTech BL busbars, see Fig. 2. (a) State-of-the art
400 V AC distribution. (b) 690 V AC distribution. (c) 800 V DC (±400 V DC)
distribution with MVAC-LVDC conversion employing a LFT and a centralized
SiC PFC rectifier, or (d) a 12-pulse rectifier and an active filter (AF) for power
factor correction, or (e) a solid-state transformer (SST).

since at least a decade [5]. New regulations1 require similarly
high efficiency for all new LFTs. Leveraging wide-bandgap

1The European Union’s Ecodesign directive 2009/125/EC, specifically the
Commission Regulation No. 548/2014, requires, e.g., [LFT > 99.17 % for
1 MVA LFTs; similar regulation exists in the U.S. (DOE 10 CF 431.196).
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busbars of different current ratings when transferring 1 MW over a distance of
100 m at different voltages, assuming a conductor temperature of 60 °C. The
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Fig. 3. Realization of a PFC rectifier for a 690 V AC grid with a three-level
flying-capacitor topology using 900 V SiC MOSFETs.

(WBG) power semiconductors, PFC rectifiers with [PFC ≈ 99 %
are clearly feasible; in fact, significantly higher values have been
demonstrated by research systems [6]. Considering a typical
average distance of 100 m between the LFT and the server racks
and a standard busbar arrangement (see Fig. 2), the baseline
architecture achieves a full-load efficiency of [Σ ≈ 97.1 % from
MVAC input to the rack-level 400 V/48 V DC-DC PSUs.

As losses in identical distribution busbars reduce with the
square of the distribution voltage (see Fig. 2), a step from
400 V AC to 690 V AC (see Fig. 1b) improves [Σ. PFC
rectifiers suitable for this increased AC voltage can be realized
with three-level topologies (see, e.g., Fig. 3) and thus again
[PFC ≈ 99 %. A 690 V AC architecture would thus result in
a clearly improved [Σ ≈ 97.8 % (and correspondingly lower
OPEX) because of the reduced distribution losses.2 Note that
two or three off-the-shelf rack-level 400 V/48 V DC-DC PSUs
can be stacked to handle the PFC rectifier’s higher DC output
voltage without affecting their conversion losses; this is why
we do not include these DC-DC PSUs in the discussion and
in [Σ. The same applies to the uninterruptible power supply
(UPS) systems, as we assume a distributed UPS with local
battery storage on the 48 V level [7].

Even though a further increase of the (AC) distribution
voltage level to MV has been considered in combination
with rack-level MVAC-LVDC conversion (i.e., low-power
MVAC-LVDC solid-state transformers, SSTs) [9]–[14], the
associated overhead regarding MV-side protection equipment

2It would also be possible to reduce the distribution busbars’ copper cross
section (and hence CAPEX) instead, thereby accepting lower [d and [Σ , i.e.,
higher OPEX. A life-cycle cost (LCC) analysis would reveal the optimum
balance but is beyond the scope of this paper, where we consider identical
busbars and hence identical realization effort for the distribution system.
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Fig. 4. Integration of roof-top photovoltaics (PV) and fuel cells (FCs) in
the datacenter power supply with (a) 690 V AC or (b) 800 V DC distribution.
Larger (utility-scale) renewable power infeed would occur via MVAC or MVDC
[15] collector grids, and is beyond the scope of this paper.

and switchgear (disconnectors, grounding switches) seems too
costly.

B. DC Distribution (800 V DC / ±400 V DC)
Alternatively, DC distribution systems are considered as

well [4]. Moving, for example, to 800 V DC (advantageously
symmetric ±400 V DC with respect to ground) would be
possible using the same busbars with a different conductor
assignment and result in slightly lower distribution losses as
observed for 690 V AC (see Fig. 2). Again, two rack-level
400 V/48 V DC-DC PSUs could be stacked to interface the
±400 V DC distribution system. A DC distribution architecture
comes with challenges regarding protection (DC breakers,
reverse polarity and inrush current protection of the rack-
level PSUs, etc.), which are, however, not in the scope of
this analysis.

Regarding the integration of renewable energy sources
such as rooftop photovoltaics (PV) or fuel cells (FCs) to
replace diesel gensets providing backup power, an 800 V DC
distribution is highly advantageous compared to a 690 V AC
distribution, because a DC-AC and an AC-DC conversion stage
can be omitted (see Fig. 4).

Considering the typical case of power supply from the
grid, however, a central MVAC-LVDC interface is required.
This paper focuses on the three conceptually different options
for the realization of a MVAC-LVDC converter stage: the
LFT could be retained and the PFC rectifiers centralized
(see Fig. 1c and Section II). Alternatively, robust 12-pulse
rectifier systems complemented by active filters (AFs) to achieve
power factor correction, thus forming hybrid transformers,
could be employed (see Fig. 1d and Section III). Finally,
SSTs with medium-frequency transformers (MFTs) could be
employed (see Fig. 1e and Section IV). We introduce the key
characteristics of these three realization options, whenever
possible taking into account published data of industrial
(prototype) systems, which facilitates a comparative evaluation



(see Section V) regarding efficiency, power density, and further
aspects such as costs and resource usage. The relevance of
this analysis extends beyond datacenters [9]–[14] to other
applications of MVAC-LVDC conversion such as ultra-fast
EV charging [16]–[21] and high-power electrolysis [22], [23].
Note that in these applications, however, wider output voltage
ranges must be covered, which typically requires additional
non-isolated DC-DC conversion stages.

II. MVAC-LVDC with LFT and Central SiC PFC Rectifier

An 800 V DC distribution can be realized by centralizing
the PFC rectifier functionality and concentrating it in a single
high-power unit connected to the (existing) LFT as shown in
Fig. 1c. As it can be assumed that doing so neither changes
[LFT ≈ 99.2 % nor [PFC ≈ 99 %, the MVAC-LVDC conversion
efficiency becomes [ ≈ 98.2 %. Considering empirical power
densities of LFTs (0.3 kVA/dm3, [24]) and state-of-the-art high-
power PFC rectifiers (1.4 kVA/dm3, e.g., [25]), we find a power
density of 𝜌 ≈ 0.25 kW/dm3; actual realizations may result in
somewhat lower values (switchgear, etc.).

Simply centralizing the PFC rectification functionality thus
results only in a very minor improvement of [Σ ≈ 97.9 %
compared to a 690 V AC distribution as a consequence of
the only slightly lower distribution losses (higher distribution
efficiency [d), see Fig. 2. On the other hand, the LFT
renders this approach robust, compatible with existing MV-
side infrastructure, and fully scalable to arbitrary MV levels.
The realization of the high-power SiC PFC rectifier can
follow proven LV converter design and construction paradigms,
whereby parallel-interleaving approaches should be considered
to achieve a certain degree of modularization and possibly
redundancy. Furthermore, such highly efficient SiC LV AC-
DC converters could advantageously also find widespread
application as PV inverter stages, e.g., coupled to the MV
grid via a high-efficiency LFT.

III. MVAC-LVDC Hybrid Transformers

The MVAC-LVDC interface discussed in the previous
Section II processes the full power with an active power
electronic stage (the same applies to SSTs discussed in the
next Section IV). This might not be necessary if a certain
reduction of functionality can be accepted (e.g., datacenters do
not need bidirectional power flow capability3). Entirely passive
and hence highly robust 12-pulse4 diode rectifiers (see Fig. 1d
and Fig. 5a) achieve a relatively high power factor (i.e., PFC
functionality) simply by means of feeding two six-pulse diode
rectifiers from two LV-side voltage systems that are 30° phase
shifted with respect to each other. This can be achieved by
configuring a three-winding LFT with one LV-side winding

3Datacenters are unlikely to feed power back to the grid (e.g., from UPS
systems or rooftop PV); even if future datacenters would be obliged to show a
grid-supporting behavior, a reduction of the consumption from the grid could
be achieved by supplying the IT load (partly) with local batteries, gensets, fuel
cells, or renewables, but without effectively feeding power back into the grid.

418-pulse or 24-pulse designs would further improve the grid current quality,
and could be interesting options for higher power levels that would anyway
require paralleling of diode modules in systems with lower pulse numbers.
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Fig. 5. (a) Completely passive 12-pulse rectifier with DC-side parallel
connection. (b) 12-pulse rectifier with active filter (AF) to achieve sinusoidal
grid currents and reactive power compensation, thus forming a hybrid MVAC-
LVDC transformer. The optional connection to the LVDC output bus [30]
enables limited reverse power flow capability (see simulation results in Fig. 6).

in star and the other in delta connection, see Fig. 5a.5 The
superposition of the thus phase-shifted diode rectifier input
currents cancels low-frequency harmonics in the MV-side grid
current, most prominently the 5th and the 7th, leading to a
relatively low total harmonic distortion (THD).

A. Active Filtering and Reactive Power Compensation
As proposed for hybrid distribution transformers [31], [32],

this basic passive system can now be complemented by just the
active power electronic power processing capability needed to
provide certain additional functionality, e.g., sinusoidal shaping
of the grid currents and compensation of the reactive power that
the diode rectifiers consume. As a corresponding active filter
(AF) [33], [34] processes only a fraction of the total power,
the impact on the overall efficiency is reduced accordingly
(partial power processing [35]). The AF can be connected to
the MV grid via a dedicated LFT, or, advantageously, via a
third LV-side winding of the main LFT as shown in Fig. 5b.6

Furthermore, if the AF is connected to the main LVDC bus
(which is not necessary for the active filtering functionality as
no active power is processed) as suggested in [30] and shown
in Fig. 5b, the AF can be utilized to achieve limited (by the
AF’s power rating, e.g., about 25 % in the case discussed here)
reverse power flow. Fig. 6 shows exemplary simulation results
that demonstrate this capability.

The AF’s power rating depends on the rectifier’s reactive
power consumption. LFTs typically feature a minimum (re-
quired by standards) short-circuit reactance of 𝑥k = 4 %. This
reactance defines the 𝑑𝑖/𝑑𝑡 of the rectifier diodes’ commutation
and ultimately causes a fundamental-frequency reactive power
consumption, 𝑄1/𝑃dc ≈ 20 %. In addition, the still non-perfect
sinusoidal current shape leads to a distortion reactive power
consumption of 𝐷/𝑃dc ≈ 15 %. The total reactive power
consumption of a passive 12-pulse rectifier thus becomes
𝑄/𝑃dc =

√︃
𝑄2

1 + 𝐷2/𝑃dc ≈ 25 %. The derivations are beyond

5Even though often a DC-side interphase transformer is employed to ensure
equal current sharing among the parallel-connected diode rectifiers [26], it is
not strictly needed and can be omitted to reduce losses and size [27]–[29].
The LFT design must then provide sufficient leakage inductance (≈ 4 %) also
between the two secondary windings (not only between the primary and each
secondary), preventing interbridge currents and harmonic flux components in
the core [27].

6Note that alternatively the typical DC-side interphase transformers of 12-
pulse rectifiers could be replaced with electronic smoothing inductors (ESIs)
[36]. Advanced control of these as discussed in [37] can realize sinusoidal grid
currents, i.e., the approach essentially shifts the active filtering functionality
from the AC side to the DC side.
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the scope of this paper and can be found in textbooks
such as [26], or the quantities can be obtained from circuit
simulations (as done here for the considered variant without
a DC-side interphase transformer, resulting in a worst-case
𝑄/𝑃dc ≈ 27.5 %).

Considering this AF rating, assuming [AF = [PFC ≈ 99 %,
[LFT = 99.2 % (for the main LFT and for an assumed dedicated
AF LFT), and estimating the rectifier diode losses as 0.25 %
based on datasheet information (Infineon DD350) and simulated
device current stresses, we find a high MVAC-LVDC conversion
efficiency of [ ≈ 98.5 % and thus [Σ ≈ 98.2 %. Considering
again 𝜌LFT ≈ 0.3 kW/dm3 and 𝜌AF ≈ 1.4 kW/dm3 based on
empirical data (see above), estimating the diode rectifier’s heat
sink volume with a conservative cooling-system performance
index (CSPI) [38] of 10 W/(K dm3) and the volume of the
10 mF DC-link capacitor with an empirical energy density of
foil capacitors (160 J/dm3), the overall power density becomes
𝜌 ≈ 0.22 kW/dm3, which is dominated by the volumes of the
LFTs. Note that the (inductive) fundamental-frequency reactive
power could also be compensated using capacitor banks [39],

which would increase [ at the expense of 𝜌 and flexibility.
Note further that this hybrid approach does not strictly require

the AF for a basic system operation, i.e., in case of failure, the
AF could be disconnected or bypassed and the system could
revert to robust 12-pulse operation while shared fall-back AFs
connected to the datacenter’s common MVAC bus could ensure
an overall grid-friendly behavior.

B. Output DC Voltage Regulation
The output voltage of a 12-pulse diode rectifier directly

reflects any deviation of the grid voltage from its nominal value
(typ. ±10 % according to EN 50160) and also reduces slightly
with increasing load current (i.e., with increasing output power),
see Fig. 7b.7 Output voltage control could be achieved by means
of an on-load tap-changing LFT [22] without significant impact
on efficiency, but with drawbacks regarding wear and tear and
only limited control dynamics. Alternatively, thyristor rectifiers
could control the output voltage as 𝑉dc = 𝑉dc,𝛼=0 cos𝛼, where
𝛼 is the firing delay angle (see Fig. 7a) [26]. However, first, the
output voltage can only be reduced compared to that of a diode
rectifier, i.e., the LFT’s turns ratio must be selected such that
the desired DC output voltage can be achieved at the minimum
expected grid voltage. Second, as a nonzero firing angle directly
translates into a corresponding additional phase-shift of the grid
current, this solution would imply significant reactive power
consumption of up to 𝑄/𝑃dc ≈ 80 %, see Fig. 7b, and thus a
prohibitively high AF power rating.

Alternatively, a partial-power processing concept could be
used to inject a compensating series voltage on the DC
side (e.g., similar to [36]). However, additional MV isolation
transformers would be needed and the system complexity
would increase, thereby voiding the advantageous simplicity and
robustness of the hybrid MVAC-LVDC transformer approach.
The non-constant output DC voltage thus remains its main
drawback, as then the rack-level 400 V/48 V DC-DC PSUs
need to be designed for a corresponding input voltage range.

IV. MVAC-LVDC Solid-State Transformers
Solid-state transformers (SSTs) have been considered for

the realization of fully controllable MVAC-LVDC interfaces
for diverse applications, especially when space or weight
constraints apply [40], e.g., in traction applications [41].

A. Fully Modular SSTs
Many SST concepts follow a fully modular approach by

arranging a number of converter cells in an input-series-output-
parallel (ISOP) configuration to handle the high MV-side
voltages (series connection) and the high LV-side currents
(parallel connection). Each converter cell then contains a PFC
rectifier stage and an isolated DC-DC converter.

A full industrial demonstrator of a 400 kW MVAC-LVDC
SST for ultra-fast EV charging applications has been presented
recently [18]–[20]. This system is an impressive technical
achievement and, to the knowledge of the authors, the most
advanced industrial MVAC-LVDC SST prototype publicly

7Note that for the sake of simplicity, these results have been calculated
using analytical expressions assuming the presence of a DC-side interphase
transformer. The absence of the interphase transformer does not significantly
change the outcome of the analysis, as simulations confirm.
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Fig. 8. Structure of the 400 kW SST described in [18]–[20] with 9 cells per
phase stack and hence a total of 438 individual switches and gate drive units.
Each of the 27 cells processes 15 kW with a PFC rectifier and an isolated
DC-DC conversion stage.

documented so far. Even though requirements of ultra-fast
EV charging applications may differ to some extent from
those of datacenters, the system can be considered to represent
the current state-of-the-art of industrial MVAC-LVDC SST
systems. The SST connects to the 13.2 kV MVAC grid by
means of 9 cascaded converter cells per phase (27 in total)
as shown in Fig. 8, which employ 1200 V SiC devices. Note
the resulting high complexity of the multi-cell structure with a
total of 438 individual switches and gate drive units (GDUs).8
A certain simplification could be achieved with topologies that
are limited to unidirectional power flow such as proposed in
[42]. The SST demonstrator achieves an MVAC-LVDC full-
load efficiency of [ ≈ 98 % and hence [Σ ≈ 97.7 % results.
Whereas a very high switching frequency (above 100 kHz)
facilitates a high power density of the cells’ high-frequency
transformers (8.5 kW/dm3), it reduces to 0.44 kW/dm3 for a
complete converter cell (including power electronics, isolation
case and housing). Finally, the power density of the overall SST
system (i.e., including cabinets, input filters, and protection
systems9) is only 𝜌 = 0.047 kW/dm3, and the system weighs
3000 kg.

B. SSTs with Single Multi-Winding MFT

Fully modular concepts must provide the full isolation dis-
tances in each converter cell and in particular in each low-power
MFT, which partly explains the power density discrepancy
between MFT and system discussed above. Alternative concepts
with a single multi-winding MFT have thus been proposed
early on, e.g., for traction applications in [44], and later also for
three-phase applications [45], [46]. Whereas ultimately more

8Note that the number of individual switches depends on the ratio between
MV level and the switches’ blocking voltage rating; it is unrelated to the power
level.

9Protection of MV-connected power electronics is challenging and typically
requires relatively large chokes at the AC input [43].
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Fig. 9. MMC-based SST topology according to [52] with a single, fully rated
MFT but 528 individual switches (on the MV side); in order to facilitate a
comparison with Fig. 8, 1200 V SIC MOSFETs are considered.

compact systems may result10 (e.g., 𝜌 = 0.5 kW/dm3 has been
reported for a 3 MW MVAC-LVDC system in [49], but without
information on efficiency, etc.), so far no full-scale industrial
demonstrator has been publicly documented in detail.

C. MMC-Based SSTs with Single MFT
A further reduction of the isolation overhead can be expected

from SST topologies that limit the modularization to the power
electronics and employ only a single, fully rated MFT, i.e., that
feature only a single main isolation barrier. This can be achieved
by a modular multilevel (MMC) topology, which essentially
uses cascaded-cells structures [50] to realize switches of higher
voltage rating [51]. With a suitable control method proposed
in the early 2000s, the converter cells do not need an external,
isolated power supply and the MMC acts as a direct AC-
AC converter between a three-phase low-frequency grid and
a single-phase high-frequency transformer [52]. Whereas the
single MFT is clearly advantageous, note that the complexity
remains high: Considering again the same 1200 V SiC devices
(operated at 800 V) as in Fig. 8 and assuming an MV-side
MFT transformer voltage that is equal to a grid phase voltage11,
the MMC requires 22 cells per arm and thus a total of
528 individual switches (not counting the LV-side rectifier).
The approach has recently been proposed for MVAC-LVDC
frontends for high-power EV charging [53], but there are no
prototypes as of today.

D. SSTs with Future High-Voltage SiC Devices
Academia has explored the benefits of employing novel

high-voltage SiC devices, which facilitate designs with fewer
cascaded cells or without cascading at all. For example, NC
State University has designed a 350 kW (unidirectional) EV
charger for direct connection to the 12.47 kV MVAC grid [21].
Calculation results indicate [ ≈ 98.1 % and 𝜌 ≈ 1.6 kW/dm3.

10For example, the shared MFT (or only its windings, see [47], [48, p. 74])
could be embedded in an oil-filled tank for isolation and cooling.

11The MV-side MFT voltage is a degree of freedom to adjust the required
total arm voltage vs. the current stress [52].
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ETH Zürich has built a 25 kW demonstrator using 10 kV
SiC MOSFETs to interface a single-phase 3.8 kV MVAC
grid [12], [13]. Employing soft-switching techniques for both,
the AC-DC and the isolated DC-DC stage, [ ≈ 98.1 % and
𝜌 ≈ 1.8 kW/dm3 have been measured experimentally. Whereas
these efficiencies can be considered representative, the power
densities of industrialized prototypes will be lower (cabinets,
isolation coordination to standards, etc.). Configuring two of
these modules in series on the AC side would facilitate the
connection to a phase of the 13.2 kV grid, and arranging three
such two-cell stacks in a star configuration would yield a
150 kW three-phase system requiring a total of 60 individual
switches. The overall efficiency can be assumed to remain
largely unaffected. Thus, high-voltage SiC devices enable a
reduction of the number of modules needed to interface a given
grid voltage level, and hence of the overall complexity, but do
not result in significant efficiency improvements.

V. Comparative Evaluation of MVAC-LVDC Interfaces

Fig. 10 summarizes the efficiency and power density charac-
teristics of the MVAC-LVDC conversion options discussed
above. Today’s MVAC-LVDC SSTs achieve demonstrated
efficiencies of about 98 % (modular industrial systems with
LV SiC devices as well as academia prototypes employing
upcoming 10 kV SiC devices). A combination of a modern
highly efficient LFT and a high-performance LV SiC PFC
rectifier can achieve at least the same efficiency and provides
the same functionality as an SST (bidirectional power flow,
reactive power processing, etc.), without the challenges of MV-
connected power electronics or the need to control a massive
amount of individual switches as in modular SST systems;
proven LV high-power converter assembly and protection
techniques are applicable, and the MV-side environment
remains unchanged compared to today’s systems. Accepting
a reduced functionality (mostly unidirectional power flow,
unregulated LVDC output voltage), highly robust 12-pulse
rectifier systems that are complemented with active filters
facilitate even more efficient power conversion thanks to the
partial-power-processing approach. Both LFT-based solutions
can furthermore easily be scaled to arbitrary MV levels without
changing the requirements for the power electronics.
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Industrial SST prototypes do not achieve higher power densi-
ties than the discussed LFT-based solutions.12 The gain in power
density obtained from operating the isolation transformers at
higher frequencies seems to be ultimately lost to the splitting
of the power conversion into many small sub-units. This is
highlighted by the fact that even when considering only the
volume of the industrial SST prototype’s (see Section IV)
converter cells, the power density is in the order of that
estimated for the LFT-based solutions. The overhead coming
from assembly structures, isolation distances, and protection
equipment such as the necessary MV-side filter chokes [43]
further reduces the power density of the actual SST prototype.

Whereas it is true that LFTs clearly require more resources
(mainly copper and silicon steel) than the smaller MFTs of SSTs,
Fig. 11a highlights how the copper usage of the LV distribution
wiring dwarfs that of an LFT; considering typical 400 V AC
distribution cables, the amount of copper in an LFT suffices for
covering a distance of less than 30 m. Similar considerations
apply to busbars in datacenters (see Fig. 2). Note also that the
electricity sector as a whole is far from dominating the overall
copper demand (see Fig. 11b). Recycling of the metals in an
LFT is relatively straightforward, in contrast to typical power
electronic assemblies, which also feature much lower typical
lifetimes (e.g., 10 yr vs. 40 yr for an LFT). A full comparison of
the different MVAC-LVDC conversion options from a resource-
usage or ecological standpoint would be important, but can
thus not remain limited to looking at metal usage. Instead, it
must include aspects such as embodied energy and recyclability,
i.e., a life-cycle inventory (LCI) analysis [56]–[58] is needed,
which is, however, beyond the scope of this paper.

Earlier studies have found that cost-wise, fully modular
SSTs can’t compete with LFTs in MVAC-LVAC applications,
but less clear results have been obtained for MVAC-LVDC
applications [40]. However, even a high-efficiency (Ecodesign)
1 MVA LFT can be bought for less than 15 kUSD [60].
Comparing a MMC-based SST (see Fig. 9) with a single
MFT against an LFT-based solution, Fig. 12 indicates that the
LFT’s cost must cover the entire SST’s MV-side modular AC-

12Even a 3 MVA turn-key MV power station for interfacing a 1500 V DC
PV system to a MV grid, which combines an LV inverter, an LFT, and all
necessary switchgear in a standard 20 ft shipping container, achieves a higher
𝜌 ≈ 0.08 kW/dm3, although [ ≈ 97.5 % remains lower (standard LFT with
[LFT ≈ 99 %, silicon IGBTs instead of SiC MOSFETs resulting in a weighted
CEC inverter efficiency of ≈ 98.5 %) [54].
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AC power electronics including potentially needed additional
protection/overdimensioning (see, e.g., [43]) and the MFT, as
the LV-side power electronics is similar in both cases (same
voltage and power processed). As discussed above, the MFT
may need less material than an LFT due to the higher operating
frequency, but on the other hand more advanced manufacturing
processes are needed (e.g., Litz wire windings, core materials
with low high-frequency losses). Therefore, the budget for the
SST’s MV-side power electronics is clearly <15 USD/kVA.
Such low specific costs have been achieved for comparably
simple automotive DC-AC drive inverters (10 USD/kW in 2017,
2.7 USD/kW R&D target for 2025) [61]. On the other hand,
grid-connected PV inverters (again DC-AC inverters without
isolation) show still significantly higher specific cost in the order
of 30 USD/kW to 55 USD/kW [62]. Considering the additional
effort needed for the MFT, MV-level isolation coordination
and corresponding assembly structures, communication among
the modules, cabinets, and specific protection equipment for
relatively sensitive power electronics connected to the MV grid,
cost-parity for MVAC-LVDC SSTs with LFT-based solutions
seems not within easy reach.

Finally, in the context of datacenters, at least one stage in
the conversion chain between the non-constant grid voltage
and the ideally relatively constant 48 V DC voltage supplied to
the IT equipment must provide the corresponding adaption
capability, see Fig. 13. A central generation of a stable

±400 V DC distribution voltage would facilitate simplified
rack-level 400 V/48 V DC-DC PSUs that could be realized
as highly efficient unregulated DC transformers [63]. If, on
the other hand, otherwise advantageous 12-pulse rectifiers are
used, the rack-level DC-DC PSUs need to provide a certain
voltage control range, which could be efficiently realized with
partial-power-processing concepts such as [59].

VI. Conclusion
The presented analysis indicates that current industrial

MVAC-LVDC SST demonstrators, for, e.g., datacenters or
other applications such as high-power EV charging, do not
outperform alternatives that retain the LFT and either comple-
ment it with LV-side high-efficiency SiC PFC rectifier systems
(providing identical functionality) or employ robust 12-pulse
rectifier systems with active filters (with reduced functionality,
i.e., unidirectional power flow and no regulated LVDC voltage).
SSTs face challenges regarding protection, robustness, and
complexity, and are not easily scalable to arbitrary MV levels.
Whether SST-based solutions can achieve cost-parity with LFT-
based solutions even in the far future (volume production) is
therefore in question.

Considering datacenter power supply architectures, we find
that highest efficiency ([Σ ≈ 98.2 %, from MVAC to the input
of the rack-level 400 V/48 V DC-DC PSUs) can be achieved
with an 800 V DC (±400 V DC) distribution and a 12-pulse
rectifier (with active filter) MVAC-LVDC interface. However,
this has to be weighed against the system-level implications of a
DC distribution system (e.g., impact on the protection concepts),
especially in the light of similarly favorable efficiencies ([Σ ≈
97.8 %) that can be achieved by means of an increase of the AC
distribution voltage to 690 V. Ultimately, only full life-cycle-
cost (LCC) analyses considering the entire power supply system
can identify the overall best solution for a given application
scenario.
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